The ability of N-methyl mesoporphyrin IX (NMMP) to block heme synthesis by specificaly inhibiting enzymic iron insertion into protoporphyrin IX was exploited to test whether heme is a precursor of the biHn chromophore of phycocyanin (PC). A strain of the unicellular rhodophyte Cyanidiwn cadbiwm which forms normal amounts of both chorophyll (Chi) Biliproteins are the major light-harvesting pigments in bluegreen, red, and cryptomonad algae. The biliproteins are composed of open-chain phycobilin chromophore molecules which are covalently bound to proteins. Although the pigments are present in high abundance in the organisms in which they occur, their biosynthesis is poorly understood. Structural considerations suggest that phycobilins arise from macrocycle ring-opening of a porphyrin or metalloporphyrin precursor, but the relevant enzymic steps have not been observed in vitro (Fig. 1) .
The ability of NMMP to cause intracellular accumulation of protoporphyrin and to block PC synthesis specifically while allowing normal Chi formation is consistent with its action as a specific inhibitor of enzymic iron chelation, and supports the role of heme as a precursor to the phycobilins.
Biliproteins are the major light-harvesting pigments in bluegreen, red, and cryptomonad algae. The biliproteins are composed of open-chain phycobilin chromophore molecules which are covalently bound to proteins. Although the pigments are present in high abundance in the organisms in which they occur, their biosynthesis is poorly understood. Structural considerations suggest that phycobilins arise from macrocycle ring-opening of a porphyrin or metalloporphyrin precursor, but the relevant enzymic steps have not been observed in vitro (Fig. 1) .
Recently, Brown et al. (5) reported that exogenous '4C-heme was incorporated into phycocyanobilin, the bilin chromophore of PC2, but not into Chl, in greening cultures of the unicellular rhodophyte Cyanidium caldarium. This result suggests that heme is a metabolic precursor to the phycobilins. Others have proposed that the phycobilins might arise from the Mg-porphyrin branch of the tetrapyrrole pathway leading to Chl (1, 9) . Possible biosynthetic paths to phycobilins are illustrated in Figure 2 . N-Methylated meso-and proto-porphyrins IX ( Fig. 1) were recently reported to be very potent competitive inhibitors of the last step in the heme biosynthetic pathway-the insertion of iron into the porphyrin nucleus catalyzed by the enzyme ferrochelatase ( Fig. 2) (7, 10) . NMMP was recently found to inhibit heme synthesis and induce ALA synthase activity, while having no effect on Chl synthesis, when administered to Euglena gracilis (3). This indicates that, in vivo, the inhibitory effect of NMMP is restricted to iron insertion into protoporphyrin IX, and that Mg insertion, which leads to Chl, is not affected. We have now exploited the inhibitory specificity of NMMP to demonstrate the dependence of phycocyanobilin synthesis on heme formation in Cyanidium caldarium.
Portions of this work were previously reported in abstract form (2). (8) . Cells were washed twice with water and resuspended in 1 ml glacial acetic acid. Then 3 ml ethyl acetate were added with vigorous mixing. The solvent was collected after centrifugation, and the extraction was repeated twice. The combined solvent fraction was extracted twice with 5-ml portions of saturated sodium acetate.
MATERIALS AND METHODS
The combined saturated sodium acetate layers were back-extracted with 2 ml ethyl acetate which was then combined with the original ethyl acetate fractions, and then extracted with 1 ml 3% sodium acetate. Porphyrins were then extracted from the ethyl acetate fraction with two 3-ml portions of 5 N HCI. The combined HCI extracts were neutralized to pH 4 with 5 N NaOH and saturated sodium acetate. Finally, the porphyrins were extracted with three 2-ml portions peroxide-free diethyl ether. The ether solution was subjected to HPLC as described below.
HPLC. (Fig. 3 ). An 
DISCUSSION
Although there is little direct in vitro evidence to support the role of heme as an intermediate in the biosynthesis of biliprotein chromophores, its participation is strongly suggested by the obvious similarity of the structures of the phycobilins to that of biliverdin IX a, the first product of heme catabolism in animals. Moreover, it has been shown that, as is the case in animal heme catabolism, buin and CO are produced in vivo in equimolar amounts (16) , and that each lactam 0 atom in the bilin is derived from a separate molecule ofmolecular 02 (4) . Nevertheless, neither of the two key reactions of the proposed biosynthetic scheme- One report on successful incorporation of small amounts of 14C from exogenous labeled heme into the phycocyanobilin of the blue-green alga Anacystis (12) could not be confirmed by others (6) . Later, C. caldarium was reported to incorporate significant quantities of 14C from exogenous heme into phycocyanobilin (5) . The lack of simultaneous 14C incorporation into Chl indicated that the route of incorporation was direct. Exogenous nonlabeled heme caused a decrease in the incorporation of ["4C]8-aminolevulinic acid into phycocyanobilin (5) . While these results strongly suggest that heme is a precursor to the phycobilins, the possibility of an indirect route was not completely ruled out. For example, the exogenous '4C-heme might be able to permeate an intracellular region where phycobilin synthesis occurs, and be unable to permeate another region where Chl synthesis takes place. Thus, it is important to obtain additional types of evidence for the precursor role of heme in phycobilin synthesis.
NMMP and related N-alkylated porphyrins were recently discovered to be powerful competitive inhibitors of enzymic heme synthesis. They act as competitive inhibitors of the last step of the heme biosynthetic pathway, insertion of ferrous iron into protoporphyrin IX by the enzyme ferrochelatase (7, 13) . In the phytoflagellate Euglena gracilis, growth in the presence of uM concentrations of NMMP caused induction of &aminolevulinic acid synthase activity, inhibition of 59Fe incorporation into heme, and lowering of the level of extractable heme (3) . Importantly, Chl synthesis was not affected by NMMP, indicating that the inhibition was restricted to iron chelation, and that magnesium chelation, which is the first step unique to Chl synthesis, was unaffected under the conditions employed.
NMMP has now been found to inhibit PC formation in C.
caldarium under conditions where neither growth nor Chl synthesis is affected. As in the case of Euglena, a specific inhibitory action on enzymic iron chelation is indicated by the absence of inhibition of the formation of magnesium-containing tetrapyrroles. The induction of protoporphyrin accumulation in treated cells provides additional support for the proposed role of the NMMP. The accumulation of intracellular protoporphyrin also provides an explanation for the apparent ability of the cells to partially overcome the inhibitory effects of NMMP on PC synthesis at longer incubation times. Protoporphyrin at high concentrations would be expected to compete more effectively with NMMP for sites on the enzyme ferrochelatase. The true intracellular concentrations of NMMP are probably much lower than the administered concentrations, because of limited solubility and limited permeability of the cells to the compound.
NMMP did not cause a detectable decrease in the extractable heme levels in C caldarium (Beale and Chen, unpublished), even though the drug did induce a drop in heme level in E. gracilis (3) . This difference might be due to the fact that, whereas heme is the major end product of the heme pathway in Euglena, a relatively minor proportion of the heme becomes an end product in C. caldarium, and most of the heme synthesized is further metabolized to phycobilins. Under our experimental conditions where phycobilin synthesis is inhibited by 50%o at most, there is still sufficient heme synthesis occurring to satisfy the cellular requirements for heme as an end product.
In conclusion, the ability of NMMP, a specific inhibitor of iron incorporation into heme, to inhibit PC synthesis under conditions where Chl formation is unaffected, provides evidence indicating a precursor role for heme in the synthesis of phycobilins, and that the phycobilins arise from the iron branch, rather than the magnesium or free porphyrin branches, ofthe tetrapyrrole biosynthetic pathway. NMMP may be useful in future studies of the intermediates between heme and phycobilins, and on the coordinated regulatory mechanisms of biln and apobiliprotein synthesis.
